Vertebrate colour vision is mediated by the differential expression of visual pigment 24 proteins (opsins) in retinal cone photoreceptors. Many species alter opsin expression 25 during life, either as part of development or as a result of changes in habitat. The latter, a 26 result of phenotypic plasticity, appears common among fishes, but its cellular origin and 27 ecological significance are unknown. Here, we used adult threespine stickleback fish 28 from different photic regimes to investigate heritable variability and phenotypic plasticity 29 in opsin expression. Fish from clear waters had double cones that expressed long (LWS) 30 and middle (RH2) wavelength opsins, one per member. In contrast, fish from red light-31 shifted lakes had double cones that were >95% LWS/LWS pairs. All fish had single 32 cones that predominantly expressed a short wavelength (SWS2) opsin but ultraviolet 33 cones, expressing a SWS1 opsin, were present throughout the retina. Fish from red light-34 shifted lakes, when transferred to clear waters, had a ~ 2% increase in RH2/LWS double 35 cones, though double cone density remained constant. Comparison of visual pigment 36 absorbance and light transmission in the environment indicated that the opsin 37 complements of double cones maximized sensitivity to the background light, whereas 38 single cones had visual pigments that were spectrally offset from the dominant 39 background wavelengths. Our results indicate that phenotypic plasticity in opsin 40 expression is minor in sticklebacks and may be functionally inconsequential. 41 42
INTRODUCTION 43
Cone photoreceptors are specialized cells of the retina whose visual pigments capture 44 light to begin the process of photopic vision (Fein and Szuts, 1982) . Each visual pigment 45 is composed of a protein (opsin) and a chromophore (a vitamin A derivative). There are 46 four major classes of cone opsins (SWS1, SWS2, RH2, MWS/LWS) and one rod opsin 47 (RH1) (Yokoyama, 2000) . When combined with the chromophore, these opsins form 48 visual pigments with absorbance maxima (λ max ) in the ultraviolet (SWS1), short (SWS2), 49 middle (RH2, MWS, RH1), or long (LWS) wavelength regions of the spectrum 50 (Yokoyama, 2000; Isayama and Makino, 2012) . Besides opsin type, visual pigment 51 absorbance can be modulated by the choice of chromophore: coupling of an opsin to the 52 vitamin A 1 chromophore, 11-cis retinal, leads to a lower λ max than combination with the 53 vitamin A 2 chromophore, 3-dehydro, 11-cis retinal (Isayama and Makino, 2012). In most 54 vertebrates, the different visual pigments are distributed in morphologically distinct cone 55 types, and comparison of neural outputs from these cells forms the basis for the 56 perception of colour (Fein and Szuts, 1982) . Thus, the molecular constituents of visual 57 pigments are primary substrates for genetic and environmental modulation of colour 58 vision. 59
Many non-mammalian vertebrates modulate chromophore usage during life, and 60 this often results from migrations to new photic habitats, as with fishes (Beatty, 1984; 61 Novales Flamarique, 2005), or following metamorphic transitions, as with amphibians 62 (Isayama and Makino, 2012). Modulation of opsin expression has also been documented 63 during development (Wood and Partridge, 1993; Szél et al., 1994 the ciliary structures whose lamellae house the visual pigments (Fein and Szuts, 1982) . 90
These studies further assume that the observed changes in opsin expression reflect 91 fundamental alterations to the colour vision of the animal (Fuller and Claricoates, 2011). 92
The physiological literature, however, casts doubts on many of these assumptions. We have chosen the threespine stickleback, Gasterosteus acuelatus, to study 117 genetic (heritable variability) and environmental (phenotypic plasticity) changes in opsin 118 expression and their ecological significance. Literature on stickleback visually-guided 119 behaviour dates back to the 1830s (Rowland, 1994) and this fish has long been a model 120 of ecology and evolutionary research to explore the role of colour in sexual selection and 121 speciation (Rowland, 1994 Pond, respectively. Swan Lake is a high productivity, eutrophic, system with large mats 152 of green algae present at various times of the year, but especially during the Spring and The eyecup from the right eyeball of sacrificed fish was immersed in primary fixative 231 (2.5% glutaraldehyde, 1% paraformaldehyde in 0.08 M phosphate buffer, pH = 7.4). 232
After 24 hr fixation at 4ºC, the retina was extracted from the eyecup, rinsed in 0.08 M 233 phosphate buffer, and pieces cut using the same procedure as for in-situ hybridization. 
RESULTS

258
Light environments 259
Spectral irradiance measurements from the various water bodies revealed pronounced 260 differences in light transmission (Fig. 1) . The mesotrophic systems had broad spectrum 261 downwelling (300-750 nm) and sidewelling (350-750 nm) light, with the downwelling 262 light being ~4-10 times as intense as the sidewelling light ( Fig. 1E,F) . Mayer Pond, also a 263 mesotrophic system, had similar broad spectra but the shape of the curve was reduced in 264 the middle to long wavelengths ( Fig. 1B) . Mayer Lake had a downwelling spectrum 265 shifted toward longer wavelengths, with little downwelling to no sidewelling light below 266 400 nm, and a ratio of downwelling to sidewelling light of ~33 ( Fig. 1A ). This light 267 environment is characteristic of dystrophic lakes and is due to the high quantities of 268 dissolved organic matter present in the water. Swan Lake had the most distorted spectra 269 We used semi-empirical models (Hárosi, 1994) to predict the λ max shifts of visual 289 pigments when the opsin remains the same but the chromophore is switched from vitamin 290 A1 to vitamin A2. These calculations revealed the following visual pigment A1-A2 pairs, 291 computed based on the Broughton Archipelago (ocean) ( Table 1) . Such variation in chromophore use is in line 304 with that found in a related species, the nine-spined stickleback (Pungitus pungitus), 305
where the absorbance of all visual pigments (except the S) could be accounted for by 306 chromophore shifts (Saarinen et al., 2012) . It therefore appears that, in both stickleback 307 species, chromophore use varies between photoreceptor types and multiple SWS2 opsins 308 may be expressed within the single cone population. 309
Sequencing of the LWS and RH2 opsins, corresponding to the L and M visual 310 pigments (Fig. 2) , which showed the greatest ranges in λ max (Table 1) , revealed only 3 311 amino acid differences in the LWS opsins and 9 amino acid differences in the RH2 312 opsins between populations from dystrophic and mesotrophic systems (Figs. 3,4) . The 313 differences among the LWS opsins involved three amino acid substitutions (Fig. 3) , two 314 located in the N-terminus and one in the fifth transmembrane helix. None of these 315 changes were within proximity of the chromophore and, as such, should be functionally 316 inconsequential (Smith, 2010) . As well, none of these alterations occurred at any of the 317 five key sites that produce major shifts in visual pigment absorbance (Yokoyama et al., 318 2008 ). Comparison of RH2 opsin sequences also showed conservation of amino acids at 319 the five key sites between stickleback populations (Fig. 4) . Except for position 114, all 320 the differences between sequences involved amino acids belonging to the same, weakly 321 charged, group (Smith, 2010) . At position 114, Swan Lake fish had a glutamate (E), a 322 negatively charged amino acid, whereas Mayer Lake and Broughton fish had a glycine, a 323 non-polar residue (Fig. 4) . Position 114, however, is located in extracellular loop 1 of the 324 stickleback RH2 opsin, which is not in the vicinity of the retinal chromophore and should 325 therefore not influence the absorbance of the visual pigment (Smith, 2010; Yokoyama et 326 al., 2008) . Overall, these results corroborated the conclusion reached from visual pigment 327 data that all stickleback populations studied had the same opsins. 328 329
Cone mosaics and distributions of opsins 330
In accordance with the correspondence between visual pigments and morphological cone 331 types, single cones contained a SWS1 or SWS2 opsin ( (Fig. 5A,B) . In contrast to 342 reports from the adults of other fish species (Cheng et al., 2006; Cheng and Novales 343 Flamarique, 2007), corner cones expressed SWS2 opsin, whereas the neighbouring centre 344 cones expressed predominantly SWS1 opsin ( Fig. 5A-F ). In the ventral retina, where 345 corner cones were absent, the remaining (centre) cones expressed primarily SWS2 opsin, 346 though a minority expressed SWS1 opsin ( Fig. 5G-I) . UV cones were substantially 347 smaller than S cones (Table 2 ) and showed proportionately smaller areas of mRNA 348
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 13 expression in the cone myoids ( Fig. 5J-L) . All stickleback populations examined had 349 similar distributions of UV and S cones. The highest densities of UV cones occurred in 350 the centro-dorsal and centro-temporal areas, and S cones were always more numerous 351 than UV cones throughout the retina (Fig. 8) . Cone dimensions of fish from the various populations were statistically the same (Table  375 2). Ultrastructure investigations revealed that lamellar thickness and inter-lamellar 376 spacing were also invariant between populations with means of 14.5 nm and 9.1 nm, 377 respectively. In particular, these means ± S.D. for the dystrophic lake populations were 378 14.4 ± 0.95 nm and 9.3 ± 1.8 nm (n=63 cones, 6 fish), and 14.7 ± 0.89 nm and 9.2 ± 1.6 379 There is also an apparent increase in L/L double cones, as opposed to L/M double cones, 429 in cichlids inhabiting murkier waters (Carleton et al., 2005) . In Lake Victoria, the 430 differential expression of LWS alleles with depth is thought to drive speciation according 431 to the premises of the "sensory bias" hypothesis (Terai et By comparison, our study shows the chromatic organization of the retina of 439 sticklebacks from a wide range of photic regimes, revealing a difference in double cone 440 opsin expression that is much greater than that estimated for cichlid and killifish cones 441 based on microspectrophotometry data (Fuller et al., 2003; Carleton et al., 2005 ). This 442 difference in double cone opsin expression is reflected in the spectral sensitivity of 443 ganglion cells as measured by compound action potential recordings from the optic nerve 444 (McDonald and Hawryshyn, 1995) . Such extracellular potentials indicate a single 445 sensitivity peak in the long wavelengths (600-620 nm) in sticklebacks from dystrophic 446 lakes and two peaks, in the middle (540-560 nm) and long (600 nm) wavelengths, in fish 447 from a mesotrophic lake (Quamichan Lake) with similar spectral characteristics to the 448 one studied here (Doogan's Lake). There is therefore a dominant contribution of the L 449 cone mechanism to the spectral sensitivity of sticklebacks from dystrophic lakes, a result 450 that is in line with expectations from our findings. 451
It is intriguing yet enigmatic that the previous electrophysiological study failed to 452 find any spectral sensitivity functions corresponding to either the UV or S cone 453 mechanisms (McDonald and Hawryshyn, 1995) . In fact, even the presence of an M cone 454 mechanism in Swan Lake sticklebacks could not be clearly discerned. The 
